Aims: Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) plays a critical role in the development of heart failure and in the induction of myocardial mitochondrial injury. Recent evidence has shown that hydrogen sulfide (H 2 S), produced by the enzyme cystathionine γ-lyase (CSE), improves the cardiac function in heart failure. However, the cellular mechanisms for this remain largely unknown. The present study was conducted to determine the functional role of H 2 S in protecting against mitochondrial dysfunction in heart failure through the inhibition of CaMKII using wild type and CSE knockout mouse models. Results: Treatment with S-propyl-L-cysteine (SPRC) or sodium hydrosulfide (NaHS), modulators of blood H 2 S levels, attenuated the development of heart failure in animals, reduced lipid peroxidation, and preserved mitochondrial function. The inhibition CaMKII phosphorylation by SPRC and NaHS as demonstrated using both in vivo and in vitro models corresponded with the cardioprotective effects of these compounds. Interestingly, CaMKII activity was found to be elevated in CSE knockout (CSE -/-) mice as compared to wild type animals and the phosphorylation status of CaMKII appeared to relate to the severity of heart failure. Importantly, in wild type mice SPRC was found to promote S-sulfhydration of CaMKII leading to reduced activity of this protein, however, in CSE -/mice S-sulfhydration was abolished following SPRC treatment. Innovation and conclusions: A novel mechanism depicting a role of S-sulfhydration in the regulation of CaMKII is presented. SPRC mediated S-sulfhydration of CaMKII was found to inhibit CAMKII activity and to preserve cardiovascular homeostasis.
coupling, apoptotic signaling, Ca 2+ homeostasis, and ROS signaling [26, 33] . Indeed, in the cardiovascular system elevated CaMKII activity is observed in ischemia reperfusion, myocardial infarction and heart failure, which is a result of dysregulation in Ca 2+ homeostasis, mitochondrial Ca 2+ handling and increased ROS [10, 33] . Importantly, the overexpression of CaMKII in mice results in heart failure and recent evidence has shown a clear link between CaMKII activity, the expression of the mitochondrial Ca 2+ uni-porter and mPTP opening [13] . Indeed, inhibition of CaMKII prevents Ca 2+ uptake into mitochondria and reduces damage to these organelles. Thus, growing evidence supports the targeting of the CaMKII and the mPTP as a means to prevent tissue damage within the cardiovascular system [12] . Therefore, the rational design and development of pharmacological agents that can target CaMKII signaling and the mPTP could provide new strategies in the prevention of tissue damage within the cardiovascular system.
Hydrogen sulfide (H 2 S) is a known biologically active gasotransmitters that mediates its effects via membrane receptor-independent cellular signaling transduction cascades [44] . Endogenous H 2 S is produced via the catabolism of cysteine by the enzymes cystathionine β-synthase, and cystathionine γ-lyase (CSE). Current research indicates that H 2 S acts as an endothelium relaxing factor similar to that of nitric oxide (NO) [20] , in addition to having pro-angiogenic effects [5] , vascular remodeling effects [31] , anti-atherosclerotic activity [19] , and platelet anti-aggregatory properties [9] . Emerging evidence also indicates that dysregulation in the endogenous production of H 2 S either using pharmacological inhibition of CBS and CSE or utilizing CSE knockout (CSE -/-) animals can influence cardiovascular function [25] . Therefore it is now recognized that H 2 S plays an important role in cardiovascular homeostasis and dysregulation in endogenous levels contributes to a range of pathophysiological conditions like myocardial ischemia, spontaneous hypertension, and hypoxic pulmonary hypertension. Intervention using donor molecules like sodium hydrosulfide (NaHS) or GYY4137, to restore tissue H 2 S, preserves organ function and elicits cytoprotective effects [24, 32] . An interesting aspect of H 2 S biology is its ability to modify target proteins via S-sulfhydration due to its ability to react with cysteine residues [41] . This post-translational modification controls a range of physiological processes, for example, in the regulation of NF-κB [27] , protein-tyrosine phosphatase 1B [17] , Parkin [34] , and MEK1 [47] . Thus, an understanding of the specific modification of key cysteine residues present within proteins not only plays an important role in regulating protein function, but also provides a novel target for the design of new drugs focused on treating cardiovascular diseases. Specifically, a better understanding of the molecular mechanisms and cellular targets that contribute to the cytoprotective effects of H 2 S could provide a rational route for the exploitation and development of potential therapeutic agents.
S-propyl-L-cysteine (SPRC) is a H 2 S donor. Unlike inorganic salts, such as NaHS, SPRC releases H 2 S relaying on endogenous H 2 S producing enzymes CSE or CBS (Fig. S1) , and for this reason we refer to SPRC as an endogenous H 2 S donor [36] . Researches indicated that SPRC could improve endothelium cells proliferation and had anti-inflammatory effect in cardiomyocytes [16, 23] . In the present study, SPRC was found to have cardioprotective effects in vivo by inhibiting mitochondria dysfunction and by promoting S-sulfhydration of CaMKII.
Results

H 2 S had protective effect against isoprenaline-induced heart failure
To detect the cardioprotective effect of SPRC, we used isoprenaline (ISO) to induce heart failure in C57 mice. Enalapril is an angiotensinconverting enzyme inhibitor, and it is used to treat heart failure patient in clinics. As shown in the Kaplan-Meier survival plot ( Fig. S2A ), SPRC at 25 mg/kg/d and enalapril at 20 mg/kg/d had a significant effect on survival rates in ISO (7.5 mg/kg/d) treated animals. Echocardiography revealed that ejection fraction, fraction shortening, left ventricular anterior wall systole and left ventricular posterior wall systole were significantly decreased, whereas left ventricular internal diameter-diastole, left ventricular internal diameter-systole, left ventricular enddiastolic volume and left ventricular end-systolic volume were increased in ISO group (Table 1) . ISO treatment resulted in ventricular dilation, thinning of ventricular wall and increased collagen deposition within tissues ( Fig. 1A) . Moreover, a significant loss of myocardium and an increase in fibrosis, as determined using H&E staining and Masson trichome staining, was particularly evident in the left ventricular wall ( Fig. 1B and Fig. S2B ).
ISO appeared to promote oxidative stress and the induction of apoptosis in cardiac tissues. Indeed, changes in the levels of lipid peroxidation products, a decrease activity of the antioxidant enzyme superoxide dismutase (SOD), an increase of malondialdehyde (MDA) content, a reduction in cellular ATP concentrations and reduced expression of ATPase were noted in this study ( Fig. S3A-C) . Similarly, a decrease in the expression levels of the anti-apoptotic protein Bcl-2 and an increase in the pro-apoptotic protein Bax and activated caspase-9 were observed (Fig. 1C ). TUNEL staining clearly showed an increase in apoptotic cells in the cardiac tissues of ISO treated animals ( Fig. 1D ). In contrast, in all of the parameters assessed SPRC+ISO were found to have a significant opposing effect on the tissue damage evoked by ISO treatment.
SPRC mediated H 2 S production is CSE dependent
We hypothesized, based on previous work, that SPRC would induce CSE and that this may alter endogenous levels of H 2 S. To confirm the effects of SPRC are dependent on a functional CSE protein, CSE -/mice were utilized. CSE expression was confirmed by western blot and noted to be absent in the CSE -/animals ( Fig. 2A ). Interestingly, basal ejection fraction, fraction shortening, left ventricular anterior wall systole and left ventricular posterior wall systole in CSE -/mice were lower than that in their wild type counterparts and left ventricular end-diastolic We next assessed whether there were any changes in the expression level of the H 2 S producing enzyme, CSE, in cardiac tissue. As shown in Fig. 3A , SPRC increased CSE protein expression levels in a dose dependent manner. This led us to ascertain whether the degradation of CSE prevented by SPRC influenced plasma H 2 S levels. In ISO treated animals, plasma H 2 S concentrations were obviously lower compared to that of the vehicle group. However, in SPRC+ISO treated animal's plasma H 2 S levels were significant increased from the ISO group (p < 0.01) ( Fig. 3C ). Importantly, using the CSE inhibitor, D, L-Propargylglycine (PAG), plasma H 2 S levels were reduced and the cytoprotective effects ascribed to SPRC were abolished. Moreover, in wild type mice, both 25 mg/kg/d SPRC and 60 μmol/kg/d NaHS could enhance plasma H 2 S level. However, in CSE -/mice, only NaHS could increase H 2 S level in cardiac tissue ( Fig. 4A ). SPRC could not protect against tissue injury ( Fig. S4A and S4B) and cardiac function damage ( Fig. 4B and Table 2 ) induced by ISO in CSE -/mice. These data above suggest that SPRC mediated H 2 S production are dependent on a functional CSE protein.
SPRC altered the phosphorylation status of CaMKII in vivo
Changes in the expression levels and phosphorylation status of CaMKII were also investigated in the current study. Recent evidence has shown that this kinase plays a significant role in the promotion of myocardial hypertrophy and heart failure. Phospholamban (PLN) was used as a biomarker for the indication of the CaMKII activity. Interestingly, no significant changes were found in the expression levels of total CaMKII and PLN in any of the treatment groups. However, ISO was found to induce CaMKII phosphorylation at T286, which was also the indicative of its kinase activity. Importantly, SPRC was found to inhibit phosphorylation of CaMKII (T286) and PLN (T17) in treated animals (Fig. 3A) , and in CSE -/mice SPRC failed to inhibit the phosphorylation status of CaMKII (Fig. 4C ). Furthermore, ISO led to oxidative stress and caused CaMKII oxidation, which could be suppressed by SPRC supplementing (Fig. 3B ). Moreover, treatment of CaMKII inhibitor KN93 together with ISO prevented the cardioprotective effects of H 2 S, such as hypertrophic markers (BNP and ANP, Fig. 3D ), EF, FS and LVIDd (Fig. 3E ). Thus, the H 2 S could regulate CaMKII activity in ISO-induced mice heart failure.
H 2 O 2 mediated CaMKII activation in H9c2 cardiomyocytes
Based on the in vivo data we further explored the mechanism(s) linked to the cardioprotective effects of SPRC studies utilizing the immortalized H9c2 cardiomyocytes model coupled to oxidative stress induction. In this instance we also assessed the expression and phosphorylation status of CaMKII in hydrogen peroxide (H 2 O 2 ) exposed cells ( Fig. 5A ). H 2 O 2 significantly increased the phosphorylation status of CaMKII (T286) and its target protein PLN (T17) in H9c2 cardiomyocytes. CaMKII activity is known to influence myocardial Ca 2+ homeostasis, intracellular calcium flux and mitochondrial Ca 2+ handling. This result is indicative of a link between H 2 O 2 mediated stress mediated calcium mobilization, CaMKII and cell viability. Indeed, using western blot analysis SPRC was found to inhibit CaMKII (T286) phosphorylation status in a time and concentration dependent manner (Figs. 5A and 5B). The effect of SPRC on CaMKII activity could be suppressed by PAG ( Fig. 5C ). Moreover, co-treatment of SPRC with the KN-93 had an additive effect on the inhibition of CaMKII (T286) phosphorylation status in H9c2 cardiomyocytes ( Fig. 5D ). Importantly, SPRC co-treatment with KN-93 inhibited caspase-9 activity, the loss of mitochondrial membrane potential and preserved cell viability in H 2 O 2 exposed cells (Figs. 5E and 5F). These data confirms that CaMKII is a cellular target of SPRC in this model.
In addition, the maximum intracellular Ca 2+ elevation was also determined in H9c2 cells using the fluorescent probe Fluo3-AM. H 2 O 2 exposure promoted the maximum intracellular Ca 2+ elevation compared to all treatment groups. Interestingly, SPRC could inhibit the elevation of intracellular Ca 2+ in a concentration dependent manner ( Fig. 6A ). Furthermore, elevated cytoplasmic Ca 2+ correlated with CaMKII phosphorylation status and the loss of mitochondrial membrane potential (ΔΨm), as determined using the ratiometric fluorescent probe, JC-1 ( Fig. 6B ). Similarly, it was also found that SPRC prevented H 2 O 2 mediated loss of ATP ( Fig. 6C ). Increased SOD activity, inhibited lipid peroxidation and the preservation of cellular glutathione status in H9c2 cells were also noted. The expression and activities of caspase-3 and caspase-9 were reduced in SPRC treated cells correlating with the available in vivo data described above ( Fig. 6D-H) . Collectively, these findings indicated that SPRC had a marked effect on stress signaling in H 2 O 2 treated cells with this preserving cell viability as determined using the MTT assay and reducing the number of apoptotic cells in H 2 O 2 exposed cells ( Fig. S5A and S5B ). Lastly, since H 2 O 2 induced the mobilization of Ca 2+ stores and loss of ΔΨm in H9c2 cells we next explored the potential role of the mPTP using isolated mitochondria. The combined exposure of isolated mitochondria to 200 µmol/L Ca 2+ and 150 µmol/L H 2 O 2 led to mitochondrial swelling and mPTP opening, as noted by a decrease in absorbance at 540 nm. As shown in Fig. 6I , SPRC significantly reduced the degree and rate of mitochondrial swelling and mPTP opening, suggesting that SPRC preserved mitochondrial integrity under stress conditions.
SPRC mediated inhibition of CaMKII signaling
Since SPRC inhibited the phosphorylation status of CaMKII, we questioned which mechanisms were responsible for this process. Emerging evidence has highlighted that S-sulfhydration is a key posttranslation modification step responsible for some of the physiological effects ascribed to H 2 S and allied donor molecules [27] . Indeed, in the current model it was found that SPRC mediated inhibition of CaMKII activity corresponded to S-sulfhydration. Under the conditions used Ssulfhydration of CaMKII was concentration (10-50 µmol/L) and time dependent (0-4 h) in SPRC exposed cells, with maximal levels occurring at 1 h and at a concentration of 50 µmol/L ( Fig. 7A-C) . Furthermore, treatment with dithiothreitol (DTT) reversed SPRC-induced S-sulfhydration, likely due to the liberation of the SH-group from key cysteine residues. This observation indicated that SPRC mediated S-sulfhydration of CaMKII and that this post-translational step played an important function role in its cardioprotective effects. Interestingly, in CSE -/animals SPRC mediated S-sulfhydration of CaMKII could not detected (Fig. 7D ). Again, this data is in agreement with the notion that a functional CSE protein is required for the biological effects of SPRC in this model.
To identify potential target sites of S-sulfhydration on CaMKII, we mutated a key cysteine residue involved in CaMKII catalytic activity, and replaced this with the amino acid serine. In transfected cells no significant difference in the levels of p-CaMKII and p-PLN were found between the C6S-mutant-transfected or wild type-transfected cells. This data indicating that the substitution of cysteine-6 with a serine residue had no effect on catalytic activity (Fig. S6A ). However, mutation of cysteine-6 was found to influence the basal level of S-sulfhydration of CaMKII and in SPRC treated C6S-mutant-transfected cells S- sulfhydration of CaMKII was abolished (Fig. 8A) . This finding suggests that the cysteine-6 residue is an important site involved in S-sulfhydration. Interestingly, we found that in cells expressing that CaMKII C6S-mutation that the phosphorylation status of this protein was unchanged in the presence of SPRC (Fig. 8B) . And the protection effect against mitochondria dysfunction of SPRC was attenuated in CaMKII C6S mutation cells (Fig. 8C ). Furthermore, in C6S-mutant-transfected cells SPRC mediated cytoprotection and anti-apoptosis effect were partially abolished ( Fig. 8D-F ).
Discussion
Growing evidence suggests that H 2 S plays an important role in many pathophysiologic conditions [32, 36, 37 ]. Yet, the cardioprotective mechanism relating to H 2 S in heart failure still remains unclear. In the present study a novel cardioprotective mechanism relating to the novel sulphur compound SPRC in heart failure is presented. It is demonstrated that SPRC protects against the mitochondrial dysfunction and apoptosis via increasing plasma H 2 S levels and the S-sulfhydrating CaMKII in heart failure. In vivo treatment with ISO induced cardiac dysfunction and left ventricular remodeling. SPRC, a chemical analogue of the natural product S-Allyl-L-cysteine found in Allium sativum, could increase plasma H 2 S level through increased expression of CSE protein in cardiac tissues. The combined effects of SPRC and the generation of H 2 S were found to have protective affects against ISO induced cardiac dysfunction and remodeling. Indeed, in the current study the severity of heart failure was far higher in CSE -/mice as compared to their wild type counterparts. This is in agreement that CSE mediated H 2 S production is cardioprotective. H 2 S is an endogenously gasotransmitter and it can mediated the regulation of nervous system, cardiovascular functions and so on. To identify whether H 2 S could protect against heart failure directly, we detected heart function by echocardiograph. In this study, we found that H 2 S could improve heart function. It also has been reported that the ratio of heart weight to body weight and the ratio of left ventricular weight to body weight were lower in NaHS + ISO group compared with that in ISO group. ISO treatment could decrease diastolic blood pressure and systolic blood pressure, and NaHS treatment could not increase diastolic blood pressure but it could increase systolic blood pressure significantly [18] . Therefore, H 2 S had protective effect against heart failure directly.
The pathophysiological process of heart failure is complex and many proteins and signaling pathways are involved during this process.
The case for the current study stems from recent evidences that indicate that CaMKII plays a great role in heart failure [10, 26, 33] . For example, β-adrenergic receptor agonists and ROS can activate CaMKII, and activation of CaMKII appears to trigger heart failure [10, 35] . CaMKII is often elevated in heart failure and CaMKII overexpression in mice results in heart failure [42] . Recent evidence also links CaMKII to mPTP opening and to changes in Ca 2+ homeostasis during ischemia reperfusion injury [13] . Moreover, CaMKII appears to be an important regulator of cellular processes associated with excitation-contraction coupling, Ca 2+ homeostasis, and apoptosis [26, 33] . Thus, current evidence indicates a role for this protein in mediating stress responses within the heart. From a mechanistic perspective Ca 2+ /calmodulin-binding activates CaMKII via release of its regulatory domain leading to the induction of an auto-phosphorylation cascade and Ca 2+ /CaM-independent activity. It is speculated that the cardioprotective effect of SPRC in heart failure might relate to the regulation of CaMKII activity. Indeed, in the current work, CaMKII activity was elevated in ISO-induced heart failure whereas SPRC treatment dose-dependently decreased CaMKII activation in wild type mice. Importantly, this action was abolished in CSE -/mice, and is suggestive that, 1) a functional CSE protein is required to mediate the biological effects of SPRC, 2) SPRC influences tissue H 2 S levels and in turn H 2 S regulates CaMKII activity and, 3) induction of sulfhydration of CaMKII is cardioprotective in the current model. In addition, adding the results of KN93 together with ISO suggested that H 2 S-CaMKII pathway existed in in vivo conditions. ISO treatment was also found to promote oxidative stress as assessed by measurement of lipid peroxidation and the expression of the antioxidant enzyme SOD. ROS production is known to influence cell stress signaling and viability and has been reported to play a role in heart failure. It is demonstrated herein that H 2 O 2 a major ROS species [39] , can induce oxidative stress and lead to the activation of CaMKII in vitro. H 2 O 2 induced CaMKII activation and changes to the phosphorylation status of its downstream target protein PLN were observed in the current study. Interestingly, NaHS and SPRC could inhibit CaMKII activation and also suppress MDA production, and increase SOD activity. Separate lines of evidence from previous studies have also shown that loss of mitochondrial CaMKII reduced cardiomyocyte damage in ischemia reperfusion injury via influencing the rate of mPTP opening [13] . The opening of mPTP results in the depolarization of ΔΨm, the release of cytochrome c from mitochondria to cytoplasm, and the mitochondrial pathway of apoptosis [14] . In this study, a decrease in mitochondrial swelling and the preservation of ΔΨm were observed following the use of NaHS and SPRC in isolated mitochondria and in cultured H9c2 cardiomyocytes. Furthermore, mitochondrial dysfunction observed in the current heart failure model was found to be inhibited by SPRC treatment and that these cytoprotective effects were abolished in CaMKII siRNA-mediated knockout cells. Therefore, SPRC could suppress the mPTP opening to protect against mitochondrial dysfunction and apoptosis in a CaMKII-dependent manner.
We hypothesized that SPRC mediates its inhibitory effects towards CaMKII by influencing critical cysteine residue required for its activity. Key cysteine residues in CaMKII have been determined to play important roles in redox-based regulation of CaMKII activity [17, 27, 41] . CaMKII contains 10 cysteine residues and studies have shown that Snitrosylation of CaMKIIα at cysteine-6 is essential for the inactivation of CaMKII [30] . In a similar fashion to that of NO, H 2 S has recently been shown to mediate post-translational modification of proteins via the process of S-sulfhydration [45] . Cysteines in protein can be oxidized to form reactive cysteines, including glutathiolated cysteine, cysteine sulfenic acid and S-nitrosylated cysteine, which have low pKa and a positive electrostatic potential. Later, the sulfide anion could react with reactive cysteines to form a cysteine persulfide [6, 7, 15, 43] . Exposure of cells and tissues to SPRC was found to increase the level of S-sulfhydrated-CaMKII in vivo and in vitro. This observation indicated that CaMKII might be a cellular target protein to the S-sulfhydrating effects of H 2 S. To further prove this hypothesis, SPRC and NaHS were studied in wild type and CSE -/mice. NaHS is an inorganic salt and it can release H 2 S through hydrolytic action. Interestingly, SPRC failed to induce the S-sulfhydration of CaMKII in CSE -/mice. This is in stark contrast to the donor NaHS that was found to increase the level of S-sulfhydrated CaMKII. Thus, it is demonstrated that SPRC requires a functional CSE protein to mediate some of its biological effects in relation to H 2 S. Indeed, SPRC was found to only protect against heart failure in wild type but not in CSE -/mice. And the suppression of CaMKII activity was related with H 2 S level in heart tissue. Furthermore, the reactive cysteine could also be oxidized to form sulfenyl and disulfide bridge, which would be a new mechanism for H 2 S to regulate the activity of protein.
As gasotransmitters, NO and H 2 S have numerous biological functions in common [1, 37, 46] . It is known that eNOS pathway play a great role in cardioprotective effect, and overexpression of eNOS could suppress cardiac hypertrophy [22] . Moreover, study showed that NO could inhibit CaMKII activity in vivo and in vitro [30] . The present study provided new evidence that there is a crosstalk between H 2 S and NO in generation and they exert biological effects through the same pathways. This led us to hypothesize that cysteine-6, a known target for S-nitrosylation, could be a potential site for H 2 S mediated S-sulfhydration. In the absence of H 2 S, the activity of the mutant CaMKII (C6S) was indistinguishable from that of the wild type CaMKII, indicating that the mutation at cysteine-6 did not influence the activity of CaMKII. SPRC treatment significantly increased S-sulfhydration of wild type CaMKII and reduces its activity. In contrast, in the mutant CaMKII (C6S), in which S-sulfhydration is abolished, phosphorylation could still occur and activity was maintained. In addition, the cytoprotective role of SPRC was significantly reduced since the mutant CaMKII (C6S) was still functional. Therefore, S-sulfhydration at cysteine-6 appeared to be necessary for the inactivation of CaMKII.
In conclusion, we demonstrated that H 2 S regulated the activation of CaMKII via S-sulfhydration at cysteine-6. The inhibition of CaMKII suppresses mitochondrial dysfunction and apoptosis and preserved cardiac function ( Fig. 9 ). It must be noted that we cannot preclude that additional cysteine residue present on CaMKII are also susceptible to Ssulfhydrated by H 2 S and future work will hopefully explore this avenue of research. Ultimately, H 2 S-induced inactivation of CaMKII provides a new therapeutic strategy for the potential treatment of cardiovascular diseases.
Innovation
H 2 S improves the cardiac function in the heart failure, however the cellular mechanisms for this remain largely unknown. In the current study, we found that [1] H 2 S protected against heart failure through inhibiting CaMKII excessive activation; [2] S-sulfhydrated CaMKII at cysteine 6 could suppress CaMKII phosphorylation; [3] S-sulfhydrated CaMKII inhibited mPTP opening and mitochondria dysfunction under oxidative stress. These results uncover a novel mechanism by which CaMKII is the molecular target of H 2 S and contributes to the heart failure therapeutic strategy.
Materials and methods
Mice and cell culture
Male C57BL/6 (6-8 weeks old) mice were maintained on standard conditions and free to receive food and water. The CSE -/mice were a gift from Shanghai Research Center for Model Organisms. It is a conventional knockout model and has been published before [29] . All studies were performed 24 h after the last ISO administration. Mice were handled according to the Guide for the Care and Use of Laboratory Animals published by the National Research Council (United States) Committee. Experimental procedures were managed according to the local ethical committee of Fudan University. Animals were anaesthetized by isoflurane inhalations (2-3% for induction and 1.5-2% for maintenance). Animals were sacrificed by cervical dislocation under isoflurane anesthesia. Heart failure was induced by continuous subcutaneous injection of ISO (7.5 mg/kg/d) with or without KN93 (10 μM/kg/d), once a day for 4 weeks. S-propyl-L-cysteine (SPRC) (10, 25 mg/kg/d) was administered by gavage，D, L-propargylglycine (PAG) (37.5 mg/kg/d) and enalapril (20 mg/kg/d) by intraperitoneal injection, once a day for 4 weeks. The vehicle group received 0.2 ml normal saline by gavage, once a day for 4 weeks.
H9c2 cardiomyocytes (American Type Culture Collection) were cultured in complete Dulbecco's minimum essential medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) in 5% CO 2 at 37°C. 150 μmol/L H 2 O 2 was used to induce oxidative stress. NaHS and SPRC were added 4 h before H 2 O 2 treatment.
The plasmids pAdeno-mCMv-CaMKII mutant and wild type were purchased from Obio Technology. The oligonucleotides used for mutagenesis were 5′-ATGATGACGACAAAGGATCCATGGCTTCGACCACCA CCAGCACCCGGTTCACCGAC-3′ and 5′-TGTTCCAGACGCGGTCTA-3′ for cysteine-6. The altered nucleotides were inclined and underlined. The site-directed mutants were confirmed by DNA sequencing and termed as the mutant CaMKII (C6S). And then, the CaMKII mutant and wild type were constructed to recombinant adenoviruses. Concentration of the two viruses was determined to be at 1 × 10 11 viral particles per ml.
Chemicals and antibodies
The following antibodies were used: anti-CaMKIIδ antibody (Santa Cruz Biotechnology) and anti-p-CaMKII (Thr 286 ) antibody (Cell Signaling Technology); anti-ox-CaMKII (Met281/282) antibody (Millipore); anti-eNOS antibody (Cell Signaling Technology) and anti-p-eNOS (Ser 1177 ) antibody (Cell Signaling Technology); anti-ATPase antibody (Cell Signaling Technology); anti-CSE antibody (Santa Cruz Biotechnology); anti-PLN antibody and anti-p-PLN (Thr 17 ) antibody (Santa Cruz Biotechnology); anti-Bcl-2 antibody and anti-Bax antibody (Cell Signaling Technology); anti-Caspase 9 antibody (Cell Signaling Technology).
All drugs were purchased from Sigma unless otherwise stated.
Echocardiograph and cardiac parameters
After last ISO administration, echocardiograph was performed using Vevo770 (VisualSonics) and a 30 MHz transducer. Mice were anesthetized by isoflurane. The following parameters were measured from LV M-Mode tracings: left ventricular internal diameter-systole, left ventricular internal diameter-diastole, left ventricular anterior wall systole and left ventricular posterior wall systole. The other parameters were calculated from LV M-Mode derived dimensions: left ventricular end- systolic volume, left ventricular end-diastolic volume, ejection fraction and fraction shortening.
Concentration of hydrogen sulfide
The concentrations of H 2 S in plasma and heart tissue were measured using the modified monobromobimane (MBB) method as described previously [4, 28] . In brief, plasma was collected 24 h after last ISO administrating followed by centrifugation (3000 r/min, 30 min). And heart tissues were lysed in the lysis buffer (Pierce). 30 μl sample was mixed with 10 μl Tris-HCl (200 mmol/L, pH 8.5) and 70 μl MBB solution (3.5 mmol/L) at room temperature for 1 h. The reaction product sulfide dibimane was analyzed with HPLC system.
Histopathological observation
The isolated hearts were fixed in 10% formaldehyde solution and embedded in paraffin. Masson trichrome staining kit (Yuanye Biotech) was used to determine myocardial fibrosis according the manufacture's protocol. Images were taken using the microscope (Zeiss) and collagen content was calculated by IPP software.
Western blot
Homogenized tissue and H9c2 cardiomyocytes were lysed in the lysis buffer (Pierce). Lysates were used for Western Blot and immunoprecipitation as previously described [40] . Proteins were separated with SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 5% non-fat milk (0.1% Tween-20) for 1 h at room temperature and incubated with antibodies at 4°C overnight. After washing with TBST (0.1% Tween-20), the membranes were incubated with an HRP-conjugated secondary antibody and detected with ECL (Millipore). GAPDH and β-actin were used as loading control. The quantitative results of protein level were analyzed by Alpha Ease software.
Mitochondrial ΔΨm measurement
H9c2 cardiomyocytes were loaded with JC-1 following manufacture's protocol (Beyotime). More details can be found in the Supplementary information.
ATP level, MDA level and SOD activity
The ATP level of H9c2 cells was measured with ATP Assay Kit (Beyotime) according to the manufacturer's protocol.
The MDA level and SOD activity of heart tissue were measured with MDA Assay Kit (Beyotime) and SOD Assay kit (Beyotime) respectively, according to the manufacturer's protocol.
TUNEL assay
Apoptosis in mouse myocardium was determined using TUNEL assay kit (Yeasen) according to the manufacturer's protocol. Samples were viewed in a dark room with fluorescence microscope (Zeiss). Images were taken from 3 randomly selected fields and the apoptotic cells were counted in each well to determine the average cell count.
Analysis of apoptosis
The activity of caspase-3 and caspase-9 in H9c2 cardiomyocytes were measured with caspase-3 fluorometric assay kit (BioVison) or caspase-9 fluorometric assay kit (BioVison) according to the manufacturer's protocol.
Apoptotic cells were also identified by staining with Hoechst 33258 (Beyotime) in H9c2 cells. Samples were viewed in a darkness room with fluorescence microscope (Zeiss). Images were taken from 3 randomly selected fields and the apoptotic cells were counted in each well to determine the average.
Mitochondrial isolation
Isolation of mitochondria from H9c2 cardiomyocytes was performed with Mitochondria Isolation Kit (Thermo Scientific) according the manufacturers' protocol.
Measurement of intercellular Ca 2+ ([Ca 2+ ] i )
H9c2 cardiomyocytes were loaded with 5 μmol/L fluo-3/AM for 1 h at 37°C. The fluorescence intensity was detected using the microplate reader with the excitation wavelength at 488 nm and the emission at 530 nm. The maximum intracellular Ca 2+ elevation was calculated by (F max -F 0 )/F 0 × 100%.
RNA interference
H9c2 cardiomyocytes were plated in DMEM with 10% FBS for 24 h in 6 wells plates. The culture medium was replaced by Opti-MEM (Invitrogen) without serum, then siRNA (50 nmol/L per well) was transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol for 48-72 h. Control siRNA containing a scrambled sequence was used as a negative control.
S-sulfhydration assay
The assay was performed as described previously [27] . In brief, cells were homogenized in HEN buffer (250 mmol/L Hepes-NaOH (pH 7.7), 1 mmol/L EDTA, and 0.1 mmol/L neocuproine) supplemented with 100 μmol/L deferoxamine and centrifuged at 13,000 r/min for 30 min at 4°C. Cell lysates were added to blocking buffer (HEN buffer adjusted to 2.5% SDS and 20 mmol/L MMTS) at 50°C for 20 min with frequent vortex. The MMTS was then removed by acetone and the proteins were precipitated at − 20°C for 20 min. After acetone removal, the proteins were resuspended in HENS buffer (HEN buffer adjusted to 1% SDS). 4 mmol/L biotin-HPDP in dimethyl sulfoxide was added to the suspension without ascorbic acid. After incubation for 3 h at 25°C, biotinylated proteins were precipitated by streptavidin-agarose beads, which were then washed with HENS buffer. The biotinylated proteins were eluted by SDS-PAGE sample buffer. Finally, the S-sulfhydration CaMKII was analyzed by Western Blot with anti-CaMKII antibody.
Statistical analysis
Statistical analysis was done using analysis of variance (ANOVA or Student's test). Post hoc pairwise comparisons were performed using GraphPad Prism. All the data were presented as means ± SEM. A p value < 0.05 was considered statistically significant.
